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Main	Points

• The	plasmapause moves	in	and	out	at	solar	rotation	periodicities	(~27-
days).

• By	a	significant	amount:		~	0.7	RE on	average.
• Driven	by	convection	associated	with	CIRs.
• Most	pronounced	in	the	declining	phase	of	the	solar	cycle.
• Significant	efficiency	of	the	solar	wind	in	driving	the	convection	electric	
field,	~	70%	at	the	solar	rotation	periodicity.

• The	outer	belt	is	also	strongly	modulate	at	~27-days,	especially	at	4.5	L	
(average	Lpp)	in	the	solar	cycle	declining	phase.		

• ULF	power	also	shows	~27-day	variations;	preliminary	observations	show	
anti-correlation	in	the	L-value	of	max	ULF	amplitude	with	Lpp.
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Spectra of RBSP B Lpp outbound 2015
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Feb	15	– Aug	14,	2013 Jan	2	– July	1,	2015
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Jan 2 - July 1, 2015
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Comparing	the	spectra	of	two	6	month	intervals,	near	solar	
maximum	(2013)	and	in	the	declining	phase	(2015).		
Magnetosphere	quantities	from	the	duskside.

The	RBSP	B	dawn-dusk	electric	field,	Lpp,	cold	density	and	
Kp show	increased	amplitudes	at	frequencies	of	solar	
rotation	(~27	days)	in	2015	v.	2013.	

“efficiency	of	reconnection”	(the	efficiency	of	the	solar	wind	
in	driving	the	convection	electric	field)	ratio	of	the	peak	
solar	wind	electric	field	to	the	peak	in	the	local	measured	
electric	field.

On	timescales	of	solar	rotation	periodicities	is	~	70%	
(determined	from	the	as	compared	to	values	determined	
from	the	cross	polar	cap	potential	of	~15	to	20	%	.

Note	large	peak	in	2015	SW	Ey does	not	show	up	clearly	in	
Lpp,	etc.	This	is	a	topic	under	investigation.



Spectra 2013
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Solar	UV	(121.5	nm)		irradiance	

Solar	Wind	Speed

Solar	Wind	Electric	Field	

Van	Allen	Probes	Plasmapause

Kp index	

Local	time	of	apogee	

inbound
outbound

Vertical	dashed	
lines	are	
placed	at	local	
peaks	in	the	
solar	wind	
electric	field.

Note	the	anti-
correlation	
between	the	
plasmapause
location	and	
the	solar	wind	
electric	field	
enhancements.



Adapted	from	
Malaspina et	al.	
[2016]

Wave	power	
location	is	
organized	by	the	
plasmapause
location.

Geophysical Research Letters 10.1002/2016GL069982

Figure 1. Mean electric and magnetic field power spectra from 1 October 2012 to 31 December 2015 in the dawn
sector (3 < MLT < 9) as observed by Van Allen Probe A and organized by L and ΔL. Various wave modes are labeled
(see text for details). (a) Mean electric field and (b) magnetic field power spectra sorted by L. (c) Mean electric field
and (d) magnetic field power spectra sorted by ΔL. Vertical dashed lines indicate the location of the plasmapause.
(e–h) Number of individual power spectra averaged together in each L or ΔL bin.

to 3 L Earthward of the plasmapause between ∼100 Hz to ∼2 kHz. In both Figures 1c and 1d, magnetosonic
waves span the plasmapause.

To study plasmaspheric hiss wave power in the inner magnetosphere, it is necessary to separate hiss from
other wave modes. Based on the data in Figure 1 and the equivalent plots for the other three 4 h wide MLT
sectors (not plotted), plasmaspheric hiss is defined in this study using magnetic wave power between 100 Hz
and 2 kHz. The 100 Hz lower frequency bound is chosen to both facilitate comparison with prior hiss wave
power distribution studies [Meredith et al., 2004, 2007; Glauert et al., 2014; Orlova et al., 2014; Tsurutani et al.,
2015] and to help exclude magnetosonic wave power. Under this definition, hiss wave power is calculated by
summing all three components of magnetic field wave power between 100 Hz and 2 kHz from each onboard
power spectrum, taking into account the bandwidth of each spectral bin. An additional criteria is imposed to
further exclude magnetosonic wave power: spectral bins with high magnetic compressibility (B||∕|B|> 0.65)
are removed from consideration. These spectral bins are likely dominated by magnetosonic wave power. Here
B|| is the magnetic field wave power parallel to the background magnetic field for a given frequency bin and
|B| is the total magnetic field wave power in all three components for a given frequency bin. The background
magnetic field is defined as the 1 sample/s magnetic field vector interpolated onto the center time of each
power spectra.

Hiss reaching as low as 20 Hz has been recently reported [Li et al., 2013; Chen et al., 2014] and is visible
in Figure 1d when magnetosonic wave power is removed based on the magnetic compressibility criteria

MALASPINA ET AL. PLASMAPAUSE-SORTED HISS 7881

As	the	plasmapause
moves	in	and	out	the	hiss	
and	lower	bound	chorus	
will	vary	in	location,	and	
so	to	the	locations	of	the	
scattering	and	
acceleration	of	MeV	
electrons.		
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Van	Allen	Probes	B	REPT	1.8,	3.4	MeV	electrons	2015	- 2017
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Spectra 2013
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Spectra 2013
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ULF	and	solar	cycle	influence	on	outer	belt:	
assorted	references

• Rostoker et	al	[1998]	correlation	between	ULF	and	energetic	electron	flux	
at	GOES	7.		ULF	power	increases	1-2	days	prior	to	the	flux	.

• Elkington	et	al	[1999]:	toroidal	mode	Pc	5	ULF	can	adiabatically	accelerate	
energetic	electrons.

• Mathie and	Mann	[2000];	O’Brien	et	al	[2001];	Baker	and	Kanekal [2007];	
show	that	Vsw >	450	km/s	(or	500	km/s)	correlate	with	enhanced	energetic	
flux	in	the	outer	belt.

• O’Brien	et	al	[2003]	;	examines	VLF	and	ULF,	suggests	that	ULF	is	the	main	
geoeffective driver	at	L	>	5.	

• Mann	et	al	[2004];	ULF	and	Vsw have	the	highest	correlation	with	the	
energetic	electrons	flux	in	the	late	declining	phase.
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Figure 3. Wave fluctuation amplitude in the equatorial plane from the (a–c) LFMbase and (d–f ) LFMrcm simulations. These provide a more global context for the
ULF oscillations excited by the upstream dynamic pressure fluctuations, when compared with the radial profiles revealed in Figure 2. However, these panels lack
the detailed spectral information shown in Figure 2, as each panel shows ULF wave power integrated over the 0.5–50 mHz ULF frequency range. Three simulated
field components are again shown: Er (Figures 3a and 3d), E! (Figures 3b and 3e), and B|| (Figures 3c and 3f ). Figures 3a and 3d show the absence of toroidal
mode FLRs near the noon meridian, due to the symmetry of the upstream driver. Figures 3b and 3e show the deeper penetration (more earthward) of the
compressional electric field oscillations in the LFMrcm, when compared with the LFMbase. Figures 3a, 3b, 3d and 3e also suggest the resonant waveguide
character of the magnetosphere, as the wave power is most intense on the dayside and attenuates strongly on the nightside. The magnetopause (MP) and
plasmapause (PP) locations are shown in all six panels, with labels in Figures 3b and 3e.

4. Discussion
4.1. Resonant ULF Mode Coupling
Claudepierre et al. [2010] described the dayside fluctuations in the radial electric field, Er , shown in Figures 2a
and 3a as the signature of toroidal mode FLRs excited by the quasi-broadband upstream pdyn fluctuations. In
addition, in Figure 2a, note that the n = 1 toroidal mode wave power is most intense between∼7–9 RE on the
09 MLT meridian (deep red). The local maximum in wave power at this location is due to coupling from the
compressional mode, which is shown in Figure 2b. Here note that the compressional mode E! wave power is
most intense near 10 mHz and decays rapidly away from the magnetopause, earthward of 6 RE . The frequency
selection in the compressional mode is due to the resonant cavity/waveguide nature of the magnetosphere
[Claudepierre et al., 2009] and explains why the FLRs are the strongest between 7–9 RE . At this location,
the local field line eigenfrequency is roughly 10 mHz (Figure 2a, n= 1) and the coupling of compressional
mode energy into the FLR is strongest. This resonant mode coupling behavior can also be seen in Figure 3a
as the radially localized peaks in toroidal mode FLR wave power near r = 7–9 RE present throughout most of
the dayside. Also, as discussed in Claudepierre et al. [2010], the absence of toroidal mode FLRs near the noon
meridian in Figure 3a is due to the symmetric nature of the solar wind driving, where yz planar fronts impact
the subsolar magnetopause.

As noted above, the presence of a cold, dense plasmasphere in the coupled LFMrcm, and to a lesser degree
the elevated plasma density beyond the plasmapause, has a dramatic impact on the simulated ULF waves.
For example, in Figure 2d, note that the locations of the toroidal mode FLRs have shifted earthward, when
compared with the locations in the LFMbase (Figure 2a). This is due to the increased plasma density in the
dayside magnetosphere in the LFMrcm, which has the effect of reducing the Alfvén speed and thus reduc-
ing the resonant frequency at a given radial location. This earthward shift, which leads to more harmonics in
the LFMrcm simulation, can also be seen by comparing the eigenfrequency traces in Figure 2a with those in
Figure 2d. Also, note that the profile of the fundamental mode FLR changes dramatically at the plasmapause
in the LFMrcm (n = 1, Figure 2d), with strong toroidal mode wave power excited over a wide range of fre-
quencies at the plasmapause. This broadband toroidal mode wave power near the plasmapause could be due
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Adapted	from	Claudepierre et	al	[2016]	Fig.	3
MHD	model	showing	simulated	ULF	(0.5	– 50	mHz;	20	- 2000	sec.)	
wave	power	distribution	in	the	inner	magnetosphere	with	and	

without	an	plasmasphere.

With	
plasmasphere

Without
plasmasphere

Radial	E	field Azimuthal	E	field Parallel	B field
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The	L-value	of	the	maximum	ULF	amplitude	(Ey,	1-6	min,	2.8	–
16.7	mHz )	and	plasmapause L-value	anti-correlate.

Consistent	with	the	results	of	Claudepierre et	al	[2016]	

RBSP	apogee	MLT

Lpp (in	bound)	and	
L	of	max	ULF	(1-6	
min)	amp.	
Correlation	
coefficients	for	the	
22-32	day	filtered	
values.		

Inbound

Outbound

(Preliminary	
result)

22	– 32	day	filter

22	– 32	day	filter



Main	Points	(again)

• The	plasmapause moves	in	and	out	at	solar	rotation	periodicities	(~27-
days).

• By	a	significant	amount:		~	0.7	RE on	average.
• Driven	by	convection	associated	with	CIRs.
• Most	pronounced	in	the	declining	phase	of	the	solar	cycle.
• Significant	efficiency	of	the	solar	wind	in	driving	the	convection	electric	
field,	~	70%	at	the	solar	rotation	periodicity.

• The	outer	belt	is	also	strongly	modulate	at	~27-days,	especially	at	4.5	L	
(average	Lpp)	in	the	solar	cycle	declining	phase.		

• ULF	power	also	shows	~27-day	variations;	preliminary	observations	show	
anti-correlation	in	the	L-value	of	max	ULF	amplitude	with	Lpp.
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Baker et al. [1998c] found that large-amplitude oscillations
in the Pc-5 frequency range were associated with the rela-
tivistic electron event of the 1997 storm, while the 1996
storm, which did not exhibit extensive Pc-5 activity, had no
comparable increase in electron fluxes. Likewise, an analysis
of the May 15, 1997, electron event also showed large
increases in Pc-5 activity [Baker et al., 1998b]. Nakamura et al.
[2002] used in situ wave measurements from Equator-S in
combination with particle measurements from POLAR
during the March 10, 1998, storm. Observations indicated a
rapid enhancement of electrons in association with increased
ULF wave activity during the main phase of the storm, during
which the electrons exhibited a pitch angle distribution
strongly peaked toward 90°. A subsequent, more gradual
period of electron acceleration was observed, this having a
more isotropic pitch angle distribution. Green and Kivelson
[2001] examined ULF wave power and electron response for
nine storms in 1997, noting an association between ULF
wave power and electron fluxes in most of the cases. Mathie
and Mann [2000a] carried out an epoch study of 17 storms in
1995, examining ULF waves observed by ground magne-
tometers and electron flux measurements from geosyn-
chronous. Here storms were subcategorized according to
energetic electron response during the storm, which indicated
that significant electron flux increases were only observed in

response to ULF wave power which is sustained at high lev-
els over a number of days following storm onset.

A study by Rostoker et al. [1998] examined a 90 day
period in 1994, comparing GOES-7 >2 MeV electron flux
with ULF wave activity observed by a ground magnetometer
at Gillam in Manitoba, Canada. The results are shown in
Figure 2, and visually indicate a strong correlation between
levels of observed ULF activity and energetic electron flux.
Throughout the period under study, increases in energetic
electron fluxes are seen to be preceded by increases ULF
wave activity by a period of 1–2 days. More quantitative stud-
ies of the correlation between ULF waves and energetic elec-
tron dynamics have been undertaken. O’Brien et al. [2001]
used a cross correlation to determine which parameters in the
solar wind and magnetosphere might most influence ener-
getic electron fluxes. Similar to the results epoch study con-
ducted by Mathie and Mann [2000a], they found sustained
solar wind speeds in excess of 450 km/s to be a strong exter-
nal indicator of increasing magnetospheric electron fluxes,
and long-duration Pc-5 activity during the recovery phase of
a storm to be the best discriminator between those storms that
produced relativistic electrons and those that did not. This
study was extended by O’Brien et al. [2003] to compare elec-
tron flux increases with both ULF waves and VLF chorus
emissions to suggest that ULF waves are generally the

4 A REVIEW OF ULF/RADIATION BELT INTERACTIONS 

Figure 2. ULF wave power observed by a ground magnetometer plotted together with energetic electron fluxes observed at geosyn-
chronous orbit. Throughout the 90 day period there is a strong association between energetic electron fluxes and ULF wave activity
(from Rostoker et al. [1998]).

GM01069_Ch12.qxd  11/9/06  8:52 PM  Page 4

Adapted	from	Rostoker et	al.	
[1998]	via	Elkington	[2006]	

ULF	waves	power	and	outer	belt	flux	have	been	shown	to	
sometimes	correlate.

Rostoker et	al.	[1998]	
the	increases	in	ULF	
and	flux	to	encounters	
with	high	speed	
streams	of	solar	wind.

Data	from	1994,	in	
the	declining	phase	of	
the	solar	cycle.		

Note	the	~	27-day	
variation.
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Correlation	coefficients	between	Van	Allen	Probes	B	ULF	
amplitude	(1-6	min	Ey)	and	REPT	90o	1.8	MeV		at	L	=	5.5	

[Preliminary]
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Spectra from FFT of plasmapause inbound
from 2016-01-01 to 2017-01-01 Hamming windowed

delta-f= 0.32x10-7 Hz
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Spectra from FFT of RBSPb REPT 90 eo n-1.8MeV-elec.
from 2016-01-01 to 2017-01-01 Hamming windowed
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Spectra from FFT of RBSPb REPT 90 eo n-1.8MeV-elec.
from 2015-01-01 to 2016-01-01 Hamming windowed

delta-f= 0.32x10-7 Hz

0 5 10 15 20
Frequency (10-7 Hz)

0

5.0×1018

1.0×1019

1.5×1019

PS
D

 (c
m

-2
s-1

sr
-1
ke

V-1
)^

2/
H

z

Spectra from FFT of plasmapause outbound
from 2015-01-01 to 2016-01-01 Hamming windowed
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Spectra from FFT of OMNI_HRO_1min_flow_speed_DS
from 2015-01-01 to 2016-01-01 Hamming windowed

delta-f= 0.32x10-7 Hz
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Spectra from FFT of RBSPb REPT 90 eo n-1.8MeV-elec.
from 2015-01-01 to 2016-01-01 Hamming windowed
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Spectra from FFT of OMNI_HRO_1min_flow_speed_DS
from 2015-01-01 to 2016-01-01 Hamming windowed

delta-f= 0.32x10-7 Hz
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Spectra from FFT of RBSPb REPT 90 eo n-1.8MeV-elec.
from 2015-01-01 to 2016-01-01 Hamming windowed
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of	2015
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At	L=5	
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1.8	MeV	at	L=5	
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Power	spectra	of	
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for	all	of	2015
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for	all	of	2015



The	dayside	anti-correlation	between	the	L-value	of	
maximum	ULF	amplitude	and	Lpp is	consistent	with	the	

results	of	Claudepierre et	al	[2016]	

RBSP	apogee	MLT

Lpp (in	bound)	and	
L	of	max	ULF	(1-6	
min)	amp.	
Correlation	
coefficients	for	the	
22-32	day	filtered	
values.		

Inbound

Outbound

(Preliminary	
result)
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RBSP	B	REPT	3.4	MeV	
electrons	at	L=5,	all	of	
2015	(outbound)

TD =	2.6	minutes

~27.7	days
We	observe	
significant	
variations	in	3.4	
MeV	electron	flux	
intensity	at	L	=	5	at	
solar	rotation	
periods	in	2015~17.4	days

~52.6	days

~13.5days



RBSP	B	REPT	1.8	MeV	
electrons		at	L=5	all	of	
2015	(outbound)

TD =	4.9	minutes

We	observe	
significant	
variations	in	1.8	
MeV	electron	flux	
intensity	at	L	=	5	at	
solar	rotation	
periods	in	2015

~27.7	days

~17.4	days
~13.5days

~52.6	days
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(3.5	day	average)
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Lpp in	and	outbound
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Cold	Density

HFR

HFR
fUHR

fUHR

𝑓&'() = 𝑓+,) + 𝑓.,)

𝑓., =
1
2𝜋

𝑒𝐵
𝑚,

𝑓+, =
1
2𝜋

𝑛,𝑒)

𝑚,𝜖7

�

𝑛, = 𝑛9𝑒
:;<
:= + 𝑛)𝑒

:;<
:>

𝐼@ABC + 𝐼+D 𝑣C. + 𝐼FD 𝑛,, 𝑣C. = 0
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potential.
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(blue) and inbound (red) 2015
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Spectra of RBSP B Lpp outbound
(blue) and inbound (red) 2016
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Yearly	FFT	power	spectra	of	the	variations	in	plasmapause L-value	(Lpp)	in	the	context	
of	the	solar	cycle
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(blue) and inbound (red) 2016
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Spectra of RBSP B Lpp outbound 2015
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Yearly	spectra	of	the	
solar	EUV	irradiance,	
solar	wind	speed,	solar	
wind	duskward only	
electric	field,	Van	Allen	
Probes	B	cold	plasma	
density	from	2.5	to	5.0	
L,	inbound	and	
outbound	plasmapause
L-value,	and	Kpx10.

As	the	solar	cycle	
declines,	e.g.	in	2015	
and	2016,	Lpp,	cold	
density	and	Kp clearly	
show	increased	
amplitudes	at	
frequencies	of	solar	
rotation	(~27	days)	and	
½,	1/3,	and	¼	
harmonics.
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Solar	Wind	Electric	Field	
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Kp (geomagnetic	activity)	

Local	time	of	apogee	
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Feb	15	– Aug	14,	2013 Jan	2	– July	1,	2015

121.5	nm	Solar	UV	

|Vx|	Solar	Wind

Ey >	0	mV/m		Solar	Wind

Van	Allen	Probes	Ey

Van	Allen	Probes	Lpp

Kp

MLT	L	=	4.5	outbound	

121.5	nm	Solar	UV	

|Vx|	Solar	Wind

Ey >	0	mV/m	Solar	Wind

Van	Allen	Probes	Ey

Van	Allen	Probes	Lpp

Kp

MLT	L	=	4.5	outbound	
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Lpp and	|Vx|	SW

Lpp and	Kp

Lpp and	Ey SW

Lpp and	121.5	nm	UV

Anti-Correlations	(	>95	%	
confidence,	below	--- line)	
between	the	inbound	
plasmapause L-value	and	
Ey (>	0	mV/m)	solar	wind,	
solar	wind	speed	(|Vx|),	
and	Kp (all	filtered	22		-32	
days)

Correlation	and	Anti-
Correlations	(	>95	%	
confidence)	between	
plasmapause L	and	L𝛼
(both	filtered	22		-32	
days)

The	inbound	plasmapause L-value	anti-correlates	with	the	solar	wind	Ey (>	0	mV/m),	flow	
speed,	and	Kp,	and	has	a	variable	correlation	and	anti-correlation	with	EUV
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Lpp and	|Vx|	SW

Lpp and	Kp

Lpp and	Ey SW

Lpp and	121.5	nm

Correlation	coefficients	between	the	(22	-32	day)	plasmapause location	(Lpp)	
and	solar	wind	speed,	solar	wind	electric	field,	Kp,	and	UV	irradiance	

Anti-Correlations	(	>95	%	
confidence,	below	--- line)	
between	the	outbound	
plasmapause L-value	and		
solar	wind	electric	
field(Ey),	solar	wind	speed	
(|Vx|),	and	Kp (all	filtered	
22		-32	days)

Correlation	and	Anti-
Correlations	(	>95	%	
confidence)	between	
plasmapause L	and	L𝛼
(both	filtered	22		-32	
days)
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Lpp and	|Vx|	SW

Lpp and	Kp

Lpp and	Ey SW

Lpp and	121.5	nm	UV

Anti-Correlations	(	>95	%	
confidence,	below	--- line)	
between	the	outbound	
plasmapause L-value	and	
Ey (>	0	mV/m)	solar	wind,	
solar	wind	speed	(|Vx|),	
and	Kp (all	filtered	22		-32	
days)

Correlation	and	Anti-
Correlations	(	>95	%	
confidence)	between	
plasmapause L	and	L𝛼
(both	filtered	22		-32	
days)

The	outbound	plasmapause L-value	anti-correlates	with	the	solar	wind	Ey (>	0	mV/m),	
flow	speed,	and	Kp,	and	has	a	variable	correlation	and	anti-correlation	with	EUV



Main	Points
• These	observations	are	possible	because	the	Van	Allen	Probes	have	a	near	
equatorial	orbit	over	which	they	cover	a	range	of	geocentric	distances	from	
~1.1	to	5.8	RE;	over	the	five	years	of	the	Van	Allen	Probes	mission	the	
apogee	has	made	more	than	two	complete	passes	through	all	MLT;	EFW	
and	EMFISIS	instruments	enabled	the	determination	of	cold	plasma	density	
over	a	wide	range	of	densities.		

• The	structure	and	amplitude	of	the	spectral	peaks	vary	over	the	solar	cycle.	
• Most	of	the	spectral	power	is	located	in	the	peaks	at	the	solar	rotation	
period	and	harmonics.	This	effect	is	most	pronounced	in	the	declining	
phase	versus	solar	maximum.

• The	data	also	allows	the	Van	Allen	Probes	to	assess	the	long	term	
efficiency	of	reconnection	in	controlling	the	convection	electric	field	in	the	
inner	magnetosphere	at	different	locations.



Main	Points
• For	the	first	time	using	direct	observations	of	the	cold	plasma	density	
and	dawn-dusk	electric	field	measured	by	the	Van	Allen	Probes,		we	
have	established	the	occurrence	of	modulations	in	plasmapause L-
value	and	electric	field	strength	in	the	inner	magnetosphere	being	
driven	at	solar	rotation	periodicities,~	26-37	days.		

• These	modulations	at	solar	rotation	periodicity	are	significant:
• The	plasmapause L-value	moves	in	and	out	by	nearly	~0.7	RE.		
• The	cold	plasma	densities	are	strongly	modulated	from	L- values	2.5	to	5	RE,	
varying	by	up	to	~35%	of	the	average	background	density.	

• The	dawn-dusk	electric	field	is	modulated	with	amplitudes	~	0.3	mV/m,	
similar	to	the	average	dawn-dusk	electric	field	value,	~0.26	mV/m

• The	Ey-mag/Ey-sw on	this	timescale	is	~	75%,	as	compared	to	values	
determined	from	the	cross	polar	cap	potential	of	~15	to	20	%	.



represents the directional particle intensity of the
electrons as shown by the logarithmic scale on the
color bar to the right. A 27-day smoothing filter has
been applied to the data in order to reduce day-to-
day variability. In the data of Fig. 3b, one can
clearly see the relatively low fluxes of relativistic
electrons typically populating the inner zone
(1pLp2), one can see the ‘‘slot region’’ where
normally there are almost no relativistic electrons
(c.f., Fig. 2), and one can see the highly variable
outer zone population (2.5pLp6.5).

The upper panel of Fig. 3 shows concurrent solar
wind speed data measured by IMP, Wind, or ACE
sensors outside the magnetosphere, upstream of
the Earth, for the period 1992–2004. The data show
that solar wind speeds were often very high
(VSWX500 km/s) during 1993–1995 and again in
2003–2004: these intervals of time correspond to the
approaches to sunspot minimum noted in the
introduction. These are times when trans-equatorial
solar coronal holes are prevalent (see, also, Li et al.,
2006). A key point is that high speed solar wind
streams impinging on the magnetosphere almost
always drive strong relativistic electron acceleration
in the Earth’s outer radiation belt (Baker et al.,
1998a; Baker and Li, 2003).

Note in Fig. 3b that there were some intervals of
very high electron fluxes in 1998. This was a period
in the approach to sunspot maximum and was not
in the coronal hole ‘‘season’’ of the 11-year solar
cycle. Fig. 4 shows an expanded view of the entire
year of 1998. Fig. 4a shows (in a format very similar

to Fig. 3b) the fluxes of E ¼ 2–6MeV electrons
measured by SAMPEX between L ¼ 2 and 7. These
are daily averages and no smoothing has been
applied. The lower panel (Fig. 4b) shows E42MeV
electron fluxes measured concurrently by the High
Intensity Spectrometer Telescope (HIST) onboard
the POLAR spacecraft.

One sees clearly from comparison of the data in
Fig. 4a and b that SAMPEX sensors and POLAR
sensors detect virtually all of the same temporal and
spatial features: this is the ‘‘remarkable coherence’’
that has been documented (Kanekal et al., 2001,
2005) in prior studies of the outer zone. Note,
however, in Fig. 4 that POLAR sensors typically
saw higher fluxes than did SAMPEX sensors. This
means (as expected) that particle fluxes generally
become higher along magnetic field lines as one goes
out toward the magnetic equator (see Fig. 2).

The abrupt, discrete episodes of flux increases
seen in Fig. 4 (as on "Days 120, 240, 260, etc.) have
been studied in some detail. Each of these flux
increase events was clearly and cleanly associated
with a powerful CME hitting the magnetosphere.
Each such CME initiated a strong geomagnetic
storm, and outer zone relativistic electrons were
subsequently accelerated—apparently nearly simul-
taneously across a broad swath of L-shells—and
such episodic electron acceleration events produced
outer belt populations that persisted for many
weeks. The events tended to die away gradually
unless a new CME struck the magnetosphere at
which point a new acceleration event occurred. The

ARTICLE IN PRESS

Fig. 3. (a) A plot of the solar wind speed and sunspot number for the period 1992–2004 and (b) a plot of the E ¼ 2.6MeV electron fluxes
measured by SAMPEX for the same period. The lower panel shows L-value (vertical scale) versus time (horizontal axis). The directional
intensity of electrons is shown in a color-coded format according to the color bar to the right (adapted from Baker et al., 2004b).

D.N. Baker, S.G. Kanekal / Journal of Atmospheric and Solar-Terrestrial Physics 70 (2008) 195–206198

Adapted	from	Baker	
and	Kanekal [2008]

represents the directional particle intensity of the
electrons as shown by the logarithmic scale on the
color bar to the right. A 27-day smoothing filter has
been applied to the data in order to reduce day-to-
day variability. In the data of Fig. 3b, one can
clearly see the relatively low fluxes of relativistic
electrons typically populating the inner zone
(1pLp2), one can see the ‘‘slot region’’ where
normally there are almost no relativistic electrons
(c.f., Fig. 2), and one can see the highly variable
outer zone population (2.5pLp6.5).

The upper panel of Fig. 3 shows concurrent solar
wind speed data measured by IMP, Wind, or ACE
sensors outside the magnetosphere, upstream of
the Earth, for the period 1992–2004. The data show
that solar wind speeds were often very high
(VSWX500 km/s) during 1993–1995 and again in
2003–2004: these intervals of time correspond to the
approaches to sunspot minimum noted in the
introduction. These are times when trans-equatorial
solar coronal holes are prevalent (see, also, Li et al.,
2006). A key point is that high speed solar wind
streams impinging on the magnetosphere almost
always drive strong relativistic electron acceleration
in the Earth’s outer radiation belt (Baker et al.,
1998a; Baker and Li, 2003).

Note in Fig. 3b that there were some intervals of
very high electron fluxes in 1998. This was a period
in the approach to sunspot maximum and was not
in the coronal hole ‘‘season’’ of the 11-year solar
cycle. Fig. 4 shows an expanded view of the entire
year of 1998. Fig. 4a shows (in a format very similar

to Fig. 3b) the fluxes of E ¼ 2–6MeV electrons
measured by SAMPEX between L ¼ 2 and 7. These
are daily averages and no smoothing has been
applied. The lower panel (Fig. 4b) shows E42MeV
electron fluxes measured concurrently by the High
Intensity Spectrometer Telescope (HIST) onboard
the POLAR spacecraft.

One sees clearly from comparison of the data in
Fig. 4a and b that SAMPEX sensors and POLAR
sensors detect virtually all of the same temporal and
spatial features: this is the ‘‘remarkable coherence’’
that has been documented (Kanekal et al., 2001,
2005) in prior studies of the outer zone. Note,
however, in Fig. 4 that POLAR sensors typically
saw higher fluxes than did SAMPEX sensors. This
means (as expected) that particle fluxes generally
become higher along magnetic field lines as one goes
out toward the magnetic equator (see Fig. 2).

The abrupt, discrete episodes of flux increases
seen in Fig. 4 (as on "Days 120, 240, 260, etc.) have
been studied in some detail. Each of these flux
increase events was clearly and cleanly associated
with a powerful CME hitting the magnetosphere.
Each such CME initiated a strong geomagnetic
storm, and outer zone relativistic electrons were
subsequently accelerated—apparently nearly simul-
taneously across a broad swath of L-shells—and
such episodic electron acceleration events produced
outer belt populations that persisted for many
weeks. The events tended to die away gradually
unless a new CME struck the magnetosphere at
which point a new acceleration event occurred. The

ARTICLE IN PRESS

Fig. 3. (a) A plot of the solar wind speed and sunspot number for the period 1992–2004 and (b) a plot of the E ¼ 2.6MeV electron fluxes
measured by SAMPEX for the same period. The lower panel shows L-value (vertical scale) versus time (horizontal axis). The directional
intensity of electrons is shown in a color-coded format according to the color bar to the right (adapted from Baker et al., 2004b).

D.N. Baker, S.G. Kanekal / Journal of Atmospheric and Solar-Terrestrial Physics 70 (2008) 195–206198

“The	long-term	perspective—meaning	variations	on	the	scale	of	the	11-year	sunspot	cycle—shows	that	the	
electron	radiation	belts	are	most	enhanced	in	a	2–3-year	interval	that	we	call	the	approach	to	solar	
minimum.	This	is	a	period	that	corresponds	to	the	time	of	solar	coronal	holes	and	concomitant	high-speed	
solar	wind	streams.	Essentially	whenever	VSW	exceeds	500km/s	for	an	extended	interval	of	time,	the	radiation	
belts	become	energized.	We	do	not	yet	fully	understand	in	quantitative	detail	how	electron	acceleration	takes	
place,	but	considerable	progress	is	being	made.	“


